A study was conducted to compare the susceptibility of legionellae and coliforms to disinfection by chlorine. The chlorine residuals used were similar to concentrations that might be found in the distribution systems of large public potable water supplies. The effects of various chlorine concentrations, temperatures, and pH levels were considered. A number of different Legionella strains, both environmental and clinical, were tested. The results indicate that legionellae are much more resistant to chlorine than are coliform bacteria. At 21°C, pH 7.6, and 0.1 mg of free chlorine residual per liter, a 99% kill of L. pneumophila was achieved within 40 min, compared with less than 1 min for Escherichia coli. The observed resistance is enhanced as conditions for disinfection become less optimal. The required contact time for the removal of L. pneumophilia was twice as long at 4°C than it was at 21°C. These data suggest that legionellae can survive low levels of chlorine for relatively long periods of time.
During the past several years, Legionella pneumophila has been isolated from shower heads, taps, mixing valves, and hot water tanks of hospitals, hotels, and homes (7, 8, (25) (26) (27) 29) . In a number of cases, the occurrence of legionellae in the plumbing systems was associated with disease; in other cases, it was not.
These bacteria have been found primarily in hot water systems. In particular, large numbers of legionellae have been detected in the sediment that accumulates at the bottom of institutional hot water tanks. Typically, the temperature at the bottom of the tanks, especially in hospital tanks intentionally maintained at relatively low temperatures (e.g., 43 to 55°C), falls within the optimal range for the growth of these organisms (19, 29) . It has been shown experimentally that L. pneumophila grows in unsterilized tap water within the range of the temperatures found at the bottom of institutional tanks (31) . This observation led to the hypothesis that hot water tanks act as breeding sites for the contamination of plumbing systems (29) .
A question arises concerning the initial introduction of L. pneumophila into the hot water tanks. It has been suggested that plumbing systems may be seeded by small numbers of legionellae from public water supply reservoirs (25, 29) . However, attempts to actually isolate these bacteria from the mains of water supplies have not been successful (12) . Such evidence would be difficult to obtain since the legionellae may occur sporadically and in low numbers.
Legionellae in a public water supply would be exposed to chlorine concentrations that had been adjusted to control the presence of the indicator coliform bacteria. A number of studies have been conducted to determine the bactericidal effectiveness of a variety of disinfectants against L. pneumophila (11, 13, 15) . Most of this work has been directed toward problem areas such as cooling towers and evaporative condensers of air conditioning systems. Skaliy et al. (24) found that free chlorine at concentrations of 3.3 and 6.6 mg/liter rapidly inactivated L. pneumophila. These relatively high chlorine concentrations were typical of those utilized in cooling towers. Wang et al. (30) examined the effectiveness of disinfectants at concentrations normally used in hospitals for the decontamination of tissues and surfaces. The investigation included the effect of relatively high concentrations of hypochlorite on both L. pneumophila and Escherichia coli. Their data suggested that legionellae might be somewhat more resistant to these high chlorine concentrations than are the coliform bacteria. They also raised the suspicion that the amount of residual chlorine recommended for standard water purification might not be sufficient for killing L. pneumophila when the bacteria are present in high numbers.
Our study pursued the question of Legionella Bacteria. A number of bacterial strains from various sources were used in this study (Table 1) . Several environmental strains of L. pneumophila were isolated from samples collected from the Allegheny River in Pittsburgh, Pa. This river is the source of water for the municipal water supply system. To obtain these isolates, 20 liters of river water were concentrated to 10 ml by centrifugation on a Sorvall model RC-2B centrifuge that was equipped with a continuous-flow attachment. Due to the biological complexity of the river water, acid and heat enrichment procedures were used to exclude competing microorganisms. The concentrate was heated for 30 min at 50°C and then treated with 2 parts of a 0.2 M HCl-0.2 M KCI buffer solution (pH 2.2) (3, 31). The sample was then plated on a selective medium, differential glycine-vancomycinpolymyxin B agar (28) . L. pneumophilia was identified on the basis of colonial morphology, the inability to grow on unsupplemented buffered charcoal-yeast extract agar, and the direct immunofluorescence test (6, 28) . The environmental isolates used in this study had been subcultured three times on artificial medium before this experiment.
Environmental strains of L. pneumophila serogroups 1 and 6 and Legionella micdadei were also isolated from water and sediment which had been collected from the bottom of hospital hot water tanks by direct plating of the samples on differential glycinevancomycin-polymyxin B agar.
The (2) to ensure that no unexpected chlorine demand had appeared in the test system water. Free and total chlorine measurements were also performed at the end of each experiment to determine the degree of chlorine depletion. Chlorine loss never exceeded 10% during any of the experiments.
Initially, the chlorine demand of boiled tap water was compared with that of essentially demand-free, distilled, deionized water. Various amounts of hypochlorite were added to portions of each type of water, and the total and free chlorine concentrations were measured. Boiled tap water was found to be essentially demand-free (Table 2) .
To prepare inocula for the test system, Legionella and non-Legionella bacteria were cultured on buffered charcoal-yeast extract agar at 370C. Legionellae were incubated for 76 h, and the non-Legionella bacteria were incubated for 24 h. The bacteria were scraped from the plate, washed twice with 30 ml of distilled water, and then suspended in 5 ml of distilled water. This inoculum was added to the aquatic test system to achieve a bacterial density of ca. 3,000 CFU/ml. This density of L. pneumophila is within the range reported in contaminated hot water tanks (29) .
RESULTS
The effect of chlorine on L. pneumophila at various concentrations of chlorine, contact times, pH levels, and temperatures is summarized in Fig. 1 60 min had elapsed. In addition to the standard bacterial concentration of 3,000 CFU/ml, a 10-fold increase and a 10-fold decrease in the number of bacteria were also tested. The kill rate was not affected by these changes. This latter finding is consistent with the observations of Butterfield et al. on other bacterial species (5). Increasing the total chlorine concentration (Fig.  1) predictably enhanced the bactericidal effect, resulting in a 99% kill within the first 5 min at a concentration of 0.5 mg/liter.
Decreasing the pH exerted an effect similar to that of increasing the chlorine concentration (Fig. 2) . A contact time of ca. 40 min was required to eliminate 99% of the Legionella population at pH 7.6. In contrast, less than 10 min was required at pH 7.0 and less than 5 min was required at pH 6.0.
Temperature also exerted a dramatic influence on the chlorine disinfection of L. pneumophilia (Fig. 3) . The time required for a 99% kill at 0.1 mg of chlorine per liter decreased from 40 min at room temperature to less than 30 min at the higher temperature of 32°C. At 4°C, between 60 and 90 min was required for a 99% kill.
In addition to examining the bactericidal effectiveness of chlorine on a strain of L. pneumophila that had been isolated from a river water sample, a number of other environmental and clinical isolates of legionellae were tested ( (12, 25, 27) . However, these bacteria have also been found in natural waters in the absence of any association with disease and in the plumbing systems of institutions in which no or only infrequent sporadic disease had been detected (14, 26, 29) .
